ABSTRACT This paper presents the development of a multi-frequency holographic microwave imaging (HMI) algorithm and investigates the feasibility and effectiveness of the proposed algorithm for breast imaging. A realistic numerical system, including various realistic breast models and image data acquisition model, has been developed using the MATLAB software to demonstrate the working principle of the multifrequency HMI method. Several numerical experiments have been conducted to evaluate the performance of the proposed method for breast tumor detection. A comparison study of single-and multi-frequency HMIs have been performed to investigate the effectiveness, sensitivity, and accuracy of the proposed method. Results demonstrated that the multi-frequency HMI could improve the breast image quality and accurately detect the small tumors even when they located inside dense tissue. Compared to the single-frequency HMI, the multi-frequency imaging approach could obtain detailed structural information about the breast and identify small lesions more accurately and effectively. The proposed method has the potential to become a great and helpful vision tool for investigating microwave diagnostic techniques.
I. INTRODUCTION
Breast cancer is the common non-skin-related malignancies and the leading cause of cancer-related death among females worldwide [1] . Clinical studies have shown that early diagnosis of breast cancer could improve treatment results and reduce the female cancer-related deaths significantly [2] . X-ray mammography is the gold standard breast imaging tool [3] . However, this technique has some limitations, including ionizing radiation [4] , less sensitive for earlystage tumor detection [5] , and not suitable for dense breast or women under 40 years of age [6] .
Over the past few decades, microwave breast imaging (MBI) has received many interests by researchers worldwide [7] - [10] . Clinical studies on MBI have suggested that microwave imaging (MI) has the potential to become an alternative or additional tool to mammography for diagnosis of breast disease [11] . MBI aims to sense and image the The associate editor coordinating the review of this manuscript and approving it for publication was Tao Zhou. dielectric properties difference between normal and abnormal breast tissues to identify the physiological or pathological conditions of the breast [12] . In terms of safety, MBI approaches do not produce non-ionizing radiation, which is safe for mass imaging or treatment without restrictions. With the fast development of microwave technologies, it is possible to develop cost-effective and portable MBI devices.
The existing MBI methods can be divided into two major categories, which are microwave tomography (MWT) and radar-based microwave imaging. Various MWT algorithms and measurement systems have been developed and investigated for breast cancer detection [13] - [18] . In general, MWT addresses the inverse problem by using iterative algorithms to represent the dielectric properties of tissues. Different from MWT, radar-based MBI uses scattering electric fields from the breast under test to reconstruct images that indicate regions of significant scatterings, such as tumor embedded in healthy tissue. Over the past two decades, several radar-based MBI approaches, including confocal microwave imaging [19] , tissue sensing adaptive radar [20] , microwave imaging via space-time [21] and holographic microwave imaging (HMI) [22] , have been proposed and evaluated for investigating breast diseases.
Some limitations of MBI include relatively low resolution, expensive computational cost, unrealistic acquisition apparatus, and incorrect image results in lossy media. The authors recently developed a single frequency HMI for dielectric object detection [23] . Both simulation and experimental results suggested that this approach has the potential for breast imaging. However, the proposed HMI has difficulty in producing a high-quality image, especially when small dielectric inclusions embedded inside the target multi-layer object. It is also challenging to select a more suitable working frequency for the HMI measurement system, which determines the image quality in terms of resolution and penetrability. Moreover, the developed HMI measurement system works at 12.6 GHz, and this working frequency seems a little bit too high for biological tissues.
The image resolution determines the smallest distance between two close inclusions that can be represented in the microwave image. If two inclusions are very close (the distance is below the system resolution), then only one inclusion will appear in the microwave image. The image resolution depends highly on the working frequency range, microwave antenna, and antenna array configuration, as well as imaging algorithm [24] . The resolution is highly related to the shortest wavelength, which is equivalent to the frequency range contained in the illuminating wave through the diffraction limit. The better image resolution would be achieved by using a shorter wavelength. However, a short wavelength also means a smaller penetration depth. Previous studies have suggested that frequency domain imaging may have the potential to solve some problems of BMI approaches [25] .
This paper aims to improve microwave image quality by introducing a multi-frequency HMI algorithm and investigates the capabilities of this algorithm for breast lesion detection. A computer system, including various realistic breast phantom and image data collection model, was developed to evaluate the proposed algorithm. The multi-frequency HMI was numerically evaluated on various realistic breast phantoms under practical consideration. Furthermore, the effectiveness and accuracy of the proposed method were studied by comparing the imaging results of single frequency HMI with that of multi-frequency imaging approach. Figure 1 shows the schematic of the proposed multifrequency HMI system. The system consists of a microwave source generator, a cylindrical scanner includes an N-element transceiver array (2D plane), and a computer includes a multifrequency HMI tool. A 3D breast model is placed on the center of the scanner with far-field distance to the transceiver array, and each transceiver simulates as both transmitter and detector. A background medium is assumed in the scanner to During image data acquisition, the microwave source generator generates microwave signals to the interest region (such as a breast) through each transceiver, and each transceiver records the scattering electric field from the breast. This image data acquisition procedure is repeated for each transceiver to complete a maximum of N × (N − 1) acquisitions. A breast image is reconstructed from the measured scattering signals by using the proposed algorithm. No significant variation occurs in the measurement setup due to high-speed data measurement processing.
II. MULTI-FREQUENCY HMI

A. FORWARD PROBLEM
The total electric field inside the breast is given by:
where
inc being a known incident electric field, r T is the vector position from the target to the transceiver located at r T , the angle frequency
f , f min denotes the minimum frequency, f being the frequency VOLUME 7, 2019 range, p being the number of frequencies, and q denotes the number of views. ε b and µ b being dielectric permittivity and magnetic permeability of background, respectively.ε
, ε and ε b being the relative permittivity of the breast and background, respectively. σ and σ b being the conductivities of the breast and background, respectively. ∇ is the divergence operator. G r T , r denotes the Green's function, G r T , r =
FIGURE 2. Measurement configuration.
B. BACKWORD PROBLEM
As shown in Figure 2 , each transceiver measures the scattering electric field from any target point located inside the breast as:
where r R is the vector position from the target to the transceiver located at r R , s denotes the position vector. The scattering field can be represented as [26] :
, R is the distance between the source and the target point. In this study, a ≈ 1 and b ≈ −1. Therefore, the scattering field can be simplified as:
As shown in Figure 2 , the cross-correlation of the scattering electric field from the target interest region can be measured by any two transceivers located at A i and A j as [27] :
where <> means time average, E * s (p,q) being the conjugate complex of scattering field. We name this measurement as visibility data. For the N-element array, the total visibility data is V
Let us define breast density [28] .
The following equation is applied to compute the visibility data.
Combining (6) and (7), the visibility formula becomes:
where D ij = ( r j − r i )/λ b , λ b is background wavelength,ŝ = sinθ cosφx + sinθ sinφŷ + cosθẑ, dV = s 2 sinθ dθ dφds. Let us change cartesian coordinates to spherical coordinates, and define variables l = sinθcosφ, m = sinθ sinφ, n = cosθ = √ 1 − l 2 − m 2 . Then, dV can be represented as:
The visibility function is represented as:
All transceivers located on the same flat array plane, then the visibility function becomes:
Define the line integral as:
The visibility data can be compressed as:
The following formula is applied to produce the 2D view of the 3D breast:
D. METRIC
The peak signal-to-noise ratio (PSNR) measures image quality [29] .
where peakval denotes either specified by the user or taken from the range of the image (such as, it is 255 for uint8 image), mean squared error
Y denotes the vector observed values of the variable being predicted, andŶ being a vector of n predictions generated from a sample of n data points on all variables. MSE closer to zero demonstrates better performance.
III. NUMERICAL EXPERIMENTS
This section is devoted to the assessment of the proposed algorithm for breast imaging. For this purpose, a computer system was developed to demonstrate the working principle of the multifrequency HMI algorithm for breast imaging. The computer system consisted of various realistic breast models, a 16-element transceiver array (2D plane) which mounted on the cylindrical scanner (100mm in radius, 100mm in height), and an imaging tool. The breast model was placed in the center of the scanner, and the distance between the breast and the transceiver array was 3.5λ b (far-field). According to previous studies [30] , the frequency range of 1GHz to 4GHz was selected as the working frequencies. All numerical evaluations were performed using MATLAB 2018a software on a Dell Precision 5820 workstation which has an Intel Xeon W-2145 CPU with a frequency of 3.7GHz and 256GB of memory.
A. FORWARD SOLVER
A small waveguide antenna was simulated as both transmitter and detector. The electric field illuminated from such transmitter is [31] :
denotes the amplitude of TE 10 model, A denotes the board aperture of the antenna, B denotes the narrow aperture of the antenna, h (p,q) (θ, φ) and P (p,q) (θ, φ) denote the radiation pattern and the vector polarization, respectively. 
B. BACKWARD SOLVER
The Born approximation was applied to solve the forward problem [32] . The scattering field was assumed negligible in front of the incident field inside the breast, E
inc . The scattering field can be expressed:
where r R denotes the distance between the target and the transceiver located at r R . 
C. BREAST MODELS
Seven 3D breasts (see Table 1 ) include noise-free and noise models were developed to evaluate the proposed method for breast imaging. One simplified (breast 1) and three multilayer breast models (breast models 2, 3, and 7) were developed based on Gaussian function and published dielectric properties of tissues [33] . Three MRI-derived breast models (breasts 4 ∼ 6) were developed using MRI images from the Wisconsin University repository (heterogeneously dense breast, ID: 062204) [34] . The noise breast models (breasts 6 and 7) including 10% white Gaussian noise, which were developed based on models 3 and 4. Each model was discretized into 0.5 mm 3 voxels. A sphere-shaped inclusion was developed and positioned inside the breast to simulate tumor. 
IV. RESULTS
Several simulations were performed to evaluate the possibility of the proposed multi-frequency HMI method for breast lesion detection. 
A. BREAST WITHOUT TUMOR
We first evaluate the performance of the multi-frequency HMI on the simplified breast model 1 (90 × 90 × 50 mm 3 ). Air (ε r = 1, σ = 0 S/m) was assumed in the space between the breast and the antenna array plane as well as antennas. 
B. MULTI-LAYER BREAST PHANTOMS
Figures 4(a)-4(b) present the real part (relative permittivity) and imaginary part (conductivity) of breast 2 (100 × 100 × 50 mm 3 ), including a 3-mm-thick skin layer, fat, fibroglandular 1 (42 mm in radius), fibro-glandular 2 (34 mm in radius) and one tumor (5mm in radius, squared in black) located at (0 mm, 0 mm, 0 mm). The breast and transceivers all immersed in air (ε r = 1, σ = 0 S/m). The real and imaginary parts of the multi-frequency imaging results over the 1 ∼ 4 GHz band are displayed in Figure 4 (c) and Figure 4(d) , respectively. Results demonstrated that only tumor could be observed in the reconstructed image. However, other internal structures of the breast include skin, fat, and two fibro-glandular tissues could not be represented in the image.
We also investigated the performance of the proposed method by using different types of mediums. Figure 5 shows the multi-frequency imaging results when breast model 2 and transceivers immersed in different mediums. The results demonstrated that the internal structures of the breast and tumor could be represented in the reconstructed image (imaginary part) when the breast and transceivers immersed in medium (ε r = 12, σ = 0.4 S/m). Therefore, the medium of (ε r = 12, σ = 0.4 S/m) was assumed as background for the following simulation scenarios. Figure 6 (a) and Figure 6 (b) demonstrate the 2D views of the 3D breast 3 (90 × 90 × 50mm 3 ) including skin (3 mm), fat, fibro-glandular 1 (42 mm in radius), fibro-glandular 2 (34 mm in radius), two tumors (3 and 5 mm in radius, squared in black) located at (0 mm, 0 mm, 0 mm) and (0 mm, 10 mm, 0 mm). Figures 6(c) and 6(d) show the reconstructed images of the breast under test over 1 ∼ 4 GHz band. Two tumors could be observed in both real and imaginary parts of the reconstructed images with correct information on their size, shape, and location. Figure 7 shows the original and reconstructed images of breast model 4 over the 1 ∼ 4 GHz frequency band. No tumor embedded inside this MRI-derived breast phantom (219 × 219 × 273 voxels). A cross-section corresponding to slice number 136 of the breast 4 was selected. Results showed that some internal structures of the breast could be observed in both real and imaginary parts of the reconstructed images with correct information on their size, shape, and location. 
C. MRI-DERIVED BREAST PHANTOMS
D. NOISE BREAST PHANTOMS
We tested the proposed method with noise breast models to evaluate the effectiveness and accuracy of the proposed method. Figure 9 and Figure 10 display the original and multi-frequency HMI results of noise breast 6 and breast 7 at the frequency range of 1GHz to 4GHz, respectively. Each noise breast consisted of 10% Gaussian noise. The breast and transceivers immersed in the lossless medium (ε r = 12, σ = 0 S/m). Results suggested that the detailed internal structures of the breast, including tumors, could be successfully represented in the reconstructed images (both real and imaginary parts).
E. COMPARISON STUDY OF SINGLE AND MULTI-FREQUENCY HMI
A comparison study of single and multi-frequency HMI was conducted to investigate the effectiveness, accuracy, and sensitivity of the proposed method. Figure 11 demonstrates the original and single frequency HMI results of breast 6 at a working frequency of 1 GHz, 2 GHz, 3 GHz, and 4 GHz. The breast and transceivers immersed in the lossless medium (ε r = 12, σ = 0 S/m). Results showed that two lesions could be identified in both real and imaginary parts of the reconstructed images at the frequency of 2 GHz and 4 GHz, only one tumor could be observed in the reconstructed image at the working frequency of 3 GHz. The internal structures of the breast and tumors could not be observed in the reconstructed images at the working frequency of 1 GHz. Figure 12 shows the original and single frequency HMI results of breast 7 at a working frequency of 1 GHz, 2 GHz, 3 GHz, and 4 GHz. The breast and transceivers immersed in the lossless background (ε r = 12, σ = 0 S/m). Results suggested that two tumors could be identified in both real and imaginary of the reconstructed images at the working frequency of 1 GHz, they could be detected in the imaginary part of the imaging results at 3 GHz and 4 GHz, no any tumor could be observed in the reconstructed images at 2 GHz. VOLUME 7, 2019 However, the internal structures of the breast under test could not be identified.
Comparing the imaging results of multi-frequency HMI (Figures 6 and 10) with that of single frequency HMI (Figures 11 and 12) , it can be seen that the multi-frequency HMI algorithm could successfully detect small breast lesions with more accurate information on their shape, size, and location than that of single frequency HMI. Moreover, the detailed internal structures of the breasts could be fully detected using multi-frequency imaging approach. Table 2 demonstrates the performances of single and multifrequency HMI for imaging of breast 7 at different working frequencies. Compared to single frequency HMI, the multifrequency HMI approach produces better image performance at the frequency of 1 ∼ 4 GHz. The results agreed with the imaging results, as demonstrated in Figures 10 and 12 .
Color bars in breast models present the dielectric profile of the breasts, while they in reconstructed images demonstrate the scattered energy distributions.
V. CONCLUSION
This paper presented the modeling of multi-frequency HMI algorithm for detecting breast lesions. A realistic computer system was developed to demonstrate the working principle of the proposed multi-frequency HMI. Various numerical evaluations were performed to investigate the effectiveness, sensitivity, and accuracy of the proposed method for breast lesion detection under practical consideration. Both noise free and noise breast models were studied in this premilitary study, and image resolution was degraded in noise breasts. Additionally, a comparison study of single and multi-frequency HMI was carried out to investigate the effectiveness and accuracy of the proposed method for breast lesion detection.
The results demonstrated that the multi-frequency HMI could fully reconstruct the internal structures of the breast under test and identify small tumors with more accurate results on their size, shape, and location. The tumors could be successfully identified in the breast images even when they embedded in dense tissue such as the fibro-glandular. The proposed method can improve image resolution, which has the potential to develop a helpful vision tool for investigating microwave diagnostic techniques.
Future work will focus on practical evaluations of the proposed method, including the design and development of a clinically applicable prototype as well as the experimental validations of the technique on more realistic scenarios.
